A viable alternative to stem cell transplantation is to design approaches that stimulate endogenous stem cells to promote healing and regenerative medicine. Many natural compounds have been shown to promote healing; however, the effects of these compounds on stem cells have not been investigated. We report here the effects of several natural compounds on the proliferation of human bone marrow and human CD34 ؉ and CD133 ؉ cells. A dose-related effect of blueberry, green tea, catechin, carnosine, and vitamin D 3 was observed on proliferation with human bone marrow as compared with human granulocyte-macrophage colony-stimulating factor (hGM-CSF). We further show that combinations of nutrients produce a synergistic effect to promote proliferation of human hematopoietic progenitors. This demonstrates that nutrients can act to promote healing via an interaction with stem cell populations.
INTRODUCTION S
TEM CELLS ARE FOUND in many organs of the adult human, including bone marrow, peripheral blood, umbilical cord blood, spleen, tooth pulp, and brain. These progenitor cells are being investigated for their potential use as transplanted tissues in the treatment of diseases such as cancer, diabetes, stroke, amyotrophic lateral sclerosis (ALS), and Parkinson's disease. However, little effort is being directed toward enhancing the endogenous stem cells in the adult as an avenue to promote healing.
Hematopoietic stem cells (HSCs) have been investigated for many years for their utility in cancer treatments. Experimental investigations of hematopoiesis and clinical approaches to correcting its deficiencies have focused on cytokine activity. Cytokines modulate hematopoiesis by maintaining the self-renewal of stem cells and stimulating the proliferation and maturation of committed progenitor cells required for the continuous replacement of mature blood cells (1) (2) (3) .
In vitro, various combinations of cytokines including interleukin-1 (IL-1), IL-3, IL-6, stem cell factor (SCF), and erythropoietin (EPO) have been found to support the growth of multipotent progenitor cells (4, 5) . Individually, granulocyte-colony-stimulating factor (G-CSF) and EPO are growth factors for committed myeloid and erythroid progenitors, respectively (6) . Clinically, G-CSF and EPO provide effective treatments for neutropenia and anemia (7, 8) and are used to enhance peripheral blood progenitors as an alternative to bone marrow transplantation for cancer patients. However, such treatments are costly and are not without certain risks.
Although potentially better treatments are currently in development, few research studies have investigated the effects of natural products, vitamins, and other nutrients that may modulate self-renewal of stem cells. However, in recent years there has been an upsurge of interest on the effects of various dietary insufficiencies on hematopoietic and immune responsiveness. Folate, vitamin B 12 , and iron have crucial roles in erythropoiesis. Erythroblasts require folate and vitamin B 12 for proliferation during their differentiation. Deficiency of folate or vitamin B 12 inhibits purine and thymidylate syntheses, impairs DNA synthesis, and causes erythroblast apoptosis, resulting in anemia from ineffective erythropoiesis (9) . Recently, other studies have found that dietary fatty acids, particularly oleic acid and linolenic acid, actively promote the proliferation of hematopoietic stem cells (10, 11) as well as modulate the selfrenewal of intestinal epithelial cells (12) .
Vitamin D has also received increasing attention over the past few years, in part, because recent studies suggest that nearly half the U.S. population may be vitamin D deficient (13) . Recent laboratory studies demonstrate that vitamin D 3 has a dramatic effect on stimulating the proliferation of various forms of multipotent progenitor cells, particularly those involved with the immune system (14) . Research on cellular senescence (the end of the life cycle of dividing cells) suggests that the dietary nutrient carnosine, found in muscle and brain of mammals, has the remarkable ability to rejuvenate cells approaching senescence, restoring normal appearance and extending cellular life span (15, 16) .
Still other studies suggest dietary supplementation with foods high in antioxidants, such as blueberries, can prevent and even reverse cellular and behavioral parameters that decline as a function of aging (17, 18) . For example, dietary supplementation with 2% blueberry extract has produced both neuroprotective and neurorestorative effects in aged animals, perhaps as a result of modulation of cell signaling cascades (19) . Furthermore, blueberry extract has been shown to increase neurogenesis in the aged rat brain (20) .
Green tea is a drink made from the steamed and dried leaves of the Camellia sinensis plant, a shrub native to Asia. Green tea has been widely consumed in Japan, China, and other Asian nations to promote good health for at least 3,000 years. Recently, scientists have begun to study its health effects in animal, laboratory, and observational human studies. Although active compounds within green tea extract have been shown to inhibit the growth of a number of tumor cell lines, they do not affect the growth of normal cells at similar concentrations (21, 22) and actually may provide cellular protection from aging (23) .
In light of such findings reviewed above, it appears that certain nutrients, vitamins, and flavonoids could have important roles in maintaining the self-renewal of stem cells and stimulating the proliferation and differentiation of committed progenitors required for the continuous replacement of mature cells in the blood, brain, and other tissues. Furthermore, it may be possible to use certain natural products, either alone or synergistically, for the treatment of conditions where the stem cell replacement appears warranted.
Thus, the purpose of the present study was to investigate the properties of various natural compounds for their ability to stimulate the proliferation of human HSCs. We investigated the effects of natural compounds on bone marrow cells, CD34 ϩ HSCs, and CD133 ϩ progenitor cells from peripheral blood. We show for the first time that certain natural compounds can promote proliferation of hematopoietic stem cells, and, more specifically, that a combination of blueberry extract, green tea extract, carnosine, and vitamin D 3 demonstrate synergistic activity.
MATERIALS AND METHODS

Reagents
All compounds were added to cell cultures as described in the Results sections. Sources of compounds were as follows: blueberry (freeze-dried powder, Van Drunen Farms, Momence, IL), green tea extract (Rexall), carnosine (Sigma), catechin (Sigma), and the activated form of vitamin D 3 (25-hydroxy-cholecalciferol; Sigma).
Cell cultures and MTT assay
For cell proliferation analysis, human bone marrow cells, human CD34 ϩ cells, or CD133 cells (BioWhittaker, Inc.) were cultured in 96-well plates (5 ϫ 10 4 /well) containing 100 l of complete medium consisting of RPMI-1640 medium supplemented with 5% fetal calf serum (FCS). These cells were treated for 72 h with various extracts at a wide range of doses (8 ng/ml to 500 ng/ml) or molecular compounds (0.3125 M to 20 M). Five hours before the end of the treatment, 20 l of MTT solution (MTT kit, Sigma) was added to each well. These plates were then incubated in a CO 2 incubator at 37°C for 5 h and the cultured medium was removed with needle and syringe. A total of 200 l of dimethylsulfoxide (DMSO) was added to each well, with pipetting up and down to dissolve crystals. These plates were put back into the 37°C incubator for 5 min, transferred to a plate reader, and measured absorbance at 550 nM. Data were represented as the relative percentage mean proliferation, defined as the O.D. reading number of treated cells normalized to control cells (in the absence of treatment).
RESULTS
Promotion of bone marrow cell proliferation in a dose-dependent manner
Several whole food extracts, herbal extracts, and specific compounds were screened individually for proliferative activity on human bone marrow cells in culture. Spinach, spirulina, EGCG, epicatechin, withania, somnifera, carao, rehmania glutinosa, and astragulus membranoceaus did not show high activity on proliferation of NUTRACEUTICAL INTERACTION WITH HUMAN STEM CELLS human bone marrow cells in culture and were not tested further.
Certain whole-food extracts, such as blueberry, green tea, and specific compounds, including catechin, carnosine, and vitamin D 3 , were found to increase cell proliferation of human bone marrow cells in a dose-dependent manner (Fig.  1) . Cell proliferation as determined by MTT assay is displayed as the percent of cell proliferation over the control, which represents cells cultured in the same condition without any extract or compound added. The positive control, human granulocyte colony-stimulating factor (hGM-CSF; Fig. 1A) , produced a 44.5 Ϯ 8.1% proliferation at the highest dose of 100 ng/ml. Blueberry and catechin demonstrated a 34.5 Ϯ 6.7 and 34.8 Ϯ 5.2% increase in proliferation at 500 ng/ml and 20 M, respectively (Fig. 1B,C) . Carnosine displayed a 26.6 Ϯ 6.0% increase at 20 M (Fig. 1D) , and vitamin D 3 displayed a lower percentage of proliferation, 14.8 Ϯ 3.3% at 5 M (Fig. 1F) . Green tea produced a proliferation similar to blueberry and catechin with 35.6 Ϯ 9.2% proliferation at 500 ng/ml (Fig. 1E) 
FIG
Synergistic stimulatory effect of extracts and compounds on proliferation
To determine if the extracts and compounds displayed a synergistic effect on cell proliferation, we cultured human bone marrow cells with different combinations of the extracts and compounds. We also cultured the bone marrow cells with the individual extracts and compounds at the highest doses determined to promote the greatest amount of proliferation, which was represented by Fig.  1A-F . The positive control, hGM-CSF displayed 48.3 Ϯ 7.4% proliferation, whereas blueberry, catechin, carnosine, green tea, and vitamin D 3 alone did not cause proliferation in a significantly different manner, as demonstrated in Fig. 1 (Fig. 2A) . However, the combination of extracts and compounds resulted in a greater percentage of proliferation than observed with the individual extracts and compounds. For example, blueberry/vitamin D 3 exhibited a 62% increase in proliferation, blueberry/catechin a 70% increase, and blueberry/carnosine with the greatest synergistic affect of 83% ( Fig. 2A) . Blueberry/green tea, blueberry/vitamin D 3 /green tea, and blueberry/vitamin D 3 /green tea/carnosine also displayed significant increases in proliferation of 56%, 72%, and 70% respectively (Fig. 2A) .
Promotion of CD34 ϩ cell proliferation and synergistic properties of extracts and compunds
To determine whether these extracts and compounds promoted cell proliferation of other progenitor cells, we cultured CD34 ϩ human hematopoietic stem cells under the same conditions as the bone marrow cells using different combinations of the extracts and compounds, and with the individual extracts and compounds at the highest doses determined to promote the greatest amount of proliferation in the bone marrow cell studies, as shown in Fig. 1A-F . The results revealed a 48.3 Ϯ 7.4 increase for hGM-CSF, which was approximately a 5% increase in proliferation as compared to the hGM-CSF effect on the bone marrow cells (Fig. 2B) . However, individually, blueberry, catechin, carnosine, green tea, and vitamin D 3 displayed a 20.9 Ϯ 3.0, 24.8 Ϯ 5.0, 11.05 Ϯ 2.1, 14.0 Ϯ 3.7, and 6.9 Ϯ 2.6 increase in proliferation, respectively, which are much lower than observed in the bone marrow cells (Fig. 2B) . However when combined, blueberry/vitamin D 3 , blueberry/catechin, blueberry/carnosine, blueberry/green tea, and blueberry/vitamin D 3 /green tea demonstrated a 39.3 Ϯ 2.0%, 57.3 Ϯ 10.4%, 30.9 Ϯ 3.4%, and treated as same above (A). For the MTT assay, these cells were prepared for cell proliferation analysis. Data were also represented as the percentage over control. ANOVA and post hoc testing shows significant differences of mean percentage over control (ϮSD with n ϭ 3 independent experiments) between individual and certain combined treatments, for A, BB/D3 combined treatment compared to BB or D3 individual treatment (p Ͻ 0.005), BB/CH compared to BB or CH (p Ͻ 0.005), BB/Ca compared to BB or Ca (p Ͻ 0.001), BB/D3/GT compared to BB, D3 or GT, BB/D3/GT/Ca compared to BB, D3, GT or Ca; for B BB/CH combined treatment compared to BB or CH individual treatment (p Ͻ 0.005), BB/D3/GT/Ca compared to BB, D3, GT or Ca (p Ͻ 0.001).
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27.9 Ϯ 10.0%, and 49.9 Ϯ 13.1% increase in proliferation, respectively, which is at least additive and in some cases more than additive (Fig. 2B) . Interestingly, the combination of blueberry/vitamin D 3 /green tea/carnosine resulted in an increase of 67.6 Ϯ 11.9%, a simple additive effect would have been 52% demonstrating a synergistic effect of this combination (Fig. 2B) .
Promotion of CD133 ϩ cell proliferation and synergistic properties of extracts and compounds
Some of the compounds and combinations with the greatest activity on proliferation of the bone marrow derived CD34 ϩ cells were then used to treat CD133 ϩ (progenitor cells) collected from peripheral blood and cultured under the same conditions as above. Cell proliferation was determined by MTT assay (see Materials and Methods) and is displayed as the percent of cell proliferation over the control. The results revealed an 21.11 Ϯ 2.9% increase after treatment with hGM-CSF (Fig. 2C) . Individually, blueberry, carnosine, green tea, and vitamin D 3 displayed a 11.9 Ϯ 3.1, 16.9 Ϯ 3.3, 13.57 Ϯ 3.0, and 7.6 Ϯ 1.39% increase in proliferation, respectively (Fig. 2C) . When combined, blueberry/ vitamin D 3 /green tea and blueberry/vitamin D 3 /green tea/carnosine demonstrated a 29.2 Ϯ 3.6 and 42.5 Ϯ 5.9% increases in proliferation (Fig. 2C) , reflecting an additive effect of combining these compounds together when examining proliferation of human CD133 ϩ cells.
DISCUSSION
In this study, we have demonstrated for the first time that various natural compounds and their combinations promote the proliferation of human bone marrow, human bone marrow-derived CD34 ϩ , and human peripheral blood-derived CD133 ϩ cells. When tested individually, these compounds were most effective in promoting proliferation of the bone marrow cells and less effective when used to treat the progenitor populations. This finding may reflect an effect of the individual compounds on the mature cell populations that are also present in the bone marrow cell cultures. When the activity of the compounds was examined in combinations, the additive and synergistic effects were more profound in the progenitor CD34 ϩ and CD133 ϩ cells. Surprisingly, some of the combinations tested resulted in proliferation that exceeded that produced by the positive control, hGM-CSF. For example, the combination of blueberry extract, green tea extract, carnosine, and vitamin D 3 produced greater proliferation than that induced by hGM-CSF in all three cell types, with CD133 ϩ cells being most sensitive with a proliferation response twice that produced by hGM-CSF. Of all the compounds tested, blueberry extract most consistently produced significant proliferation when combined with the other compounds.
There are several caveats to the interpretation and scope of our findings. First, our assay for proliferation was solely the MTT assay, which reflects the activity of the mitochondrial respiratory chain. Although the MTT assay is a very accurate end point method used to measure the cell viability in vitro, its results can have alternative interpretations.
Second, these findings need to be replicated in vivo before we can make statements regarding the application of our findings. For example, our studies were conducted in vitro and therefore do not have the added complexities associated with the pharmacokinetics of these various compounds when administered orally. Third, future studies should determine whether the proliferation caused by the substances and their combinations increase the risk of tumorgenicity. Because most of these compounds have been found to either (1) inhibit the growth of tumor cell lines, (2) induce tumor cell differentiation, or (3) not affect or increase the growth of normal cell types (22, (24) (25) (26) , our working hypothesis is that this combination will promote the growth of normal stem cells needed for healing while also reducing tumorgenicity potential. Finally, although the present study demonstrates enhanced proliferation, we do not know what the final phenotypes of these cells were following treatment. One goal of future studies would be to determine whether we can identify natural compounds that can not only increase proliferation of normal stem cells, but also push them into desired phenotypes specific to certain disorders.
In conclusion, we demonstrated for the first time that certain natural compounds can promote proliferation of hematopoietic stem cells in vitro, and more specifically that a combination of blueberry extract, green tea extract, carnosine, and vitamin D 3 demonstrate synergistic activity in these assays. Future studies will examine the effects of these compounds on nonhematopoietic derived cells. 
